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H. Gowda under the direction of the co-principal investiga-
tors Professors C. F. Scholer and E. C. Ting.
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expansion was reproducible in the laboratory conditions. The
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structural behavior of self-stressed concrete members.
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Nevertheless, the indicated 20% reduction in steel, based upon
equal deflections, holds promise of economics if otherwise
feasible.
The report is submitted for approval. Copies of the Re-
port will also be submitted to ISHC and FHWA for review, comment
and acceptance as partial fulfillment of the objectives of the
































Graduate Instructor in Research
Joint Highway Research Project
Project No. : C-36-58D
File No. : 5-13-4
Prepared as Part of an Investigation
Conducted by
Joint Highway Research Project
Engineering Experiment Station
Purdue University
in cooperation with the
U.S. Department of Transportation
Federal Highway Administration
The contents of this report reflect the views of the
author who is responsible for the facts and the accuracy
of the data presented herein. The contents do not
necessarily reflect the official views or policies of
the Federal Highway Administration. This report does




TECHNICAL REPORT STANDARD TITLE PAGE
1 . Reporf No.
JHRP-76-24
?. Governmant Accettion No. 3. R«cipi«nt't Catolog No.
4. Title and SubtitU




6. Performing Organization Coda
7. Author's)
Hanume Gowda
8. Performing Organ! zotion Report No.
JHRP-76-24
9. Performing Orgonization Nome and Address
Joint Highway Research Project
Civil Engineering Building
Purdue University
W. Lafayette, Indiana 47907
10. Work Unit No.
1 } . Contract or Gront No.
HPR-1(14) Part II
12. Sponsoring Agency Name and Addres*
Indiana State Highway Commission
State Office Building
100 North Senate Avenue
Indianapolis, Indiana 46204
13. Type of Report ond Period Covered
Interim Report
14. Sponsoring Agency Code
15. Supplementory Notes
Prepared in cooperation with the U.S. Department of Transportation, Federal Highway
Administration.
From the study "Expansive (Self-Stressing) Cements in Reinforced Concrete".
16. Abstroct
The objectives of this investigation were to gain a better understanding of
the behavior of self-stressing reinforced concrete structures and to determine
the economic savings possible with the effective use of expansive cement under
practical construction conditions. This Report is primarily concerned with
the first of the above objectives although potential economic savings in beams
is briefly discussed.
This report describes the evaluation of expansive cements by means of free
expansion of mortar bars, effects of longitudinal as well as lateral restraints
on self-stress development and mechanical properties, effects of eccentrical
restraints, and effects of different curing conditions. It also describes the
structural behavior of self-stressed concrete members and the determination of
economic savings possible with the effective use of expansive cement under
practical construction conditions.
The expansive cement evaluated was a blend of portland cement, calcium
aluminate cement, and gypsum. The calcium aluminate cement contents were varied
from 10 to 25 percent and the gypsum contents were in the range of 10 to 20
percent. Two expansive cements, giving a medium and a high amount of expansion
were selected for the remainder of the investigation.
17. Key Words
Expansive cement, concrete, self-
stressing, prestressed concrete
18. Dtttributlon Statement
No restrictions. This document is
available to the public through the
National Technical Information Service,
Springfield, Virginia 22161
19. Security Cloiiif. (of this report)
Unclassified
20. Security Clasaif. (of thi( page)
Unclassified
31. No. of Page*
102
22. Price
Form DOT F 1700.7 (e*8»
3.3.
ACKNOl^JLEDGMENTS
The author is deeply grateful to Dr. C. F. Scholar and
Dr. E. C. Ting, his major professors for their kind guidance
and encouragement during the course of this work. The in-
structive guidance of Dr. R. H. Lee is most appreciated.
The author wishes to thank Mr. James Hall and other
students for their help in this investigation.
This research was sponsored by the Indiana State Highway
Commission and the Federal Highway Administration through the
Purdue University Joint Highway Research Project. The author
wishes to thank these organizations for their support of this
work. The author also wishes to thank the representatives of
these organizations, Mr. W. E. Walters and Mr. W. F. Bremer




LIST OF TABLES v
LIST OF FIGURES vi
HIGHLIGHT SUMMARY X
CHAPTER I - INTRODUCTION 1
Statement of the Problem 1
Objectives and Scope of the Investigation 3
CHAPTER II - REVIEW OF THE LITERATURE 4
Expans ive Cements 4
Curing and Uniaxial Restraint 6
Triaxial and Eccentric Restraints 10
CHAPTER III - MATERIALS 13




CHAPTER IV - EXPERIMENTAL WORK 20
A - Free Expansion of Mortar Specimens 20
Preparation of Expansive Cement 20
Mix Des ign 20
Apparatus 21
Preparation and Expansion Measurement of
Morta'r Specimens 21
B - 3 X 3 x 11 in. Beams .
.'
26
Mix Des ign 26
Fabrication 27
Genera 1 27
Uniaxially Restrained Beams 27
Triaxially Restrained Beams 30
Eccentrically Restrained Beams 30




TABLE OF CONTENTS (Cont'd)
Page
Preparation of Beams 32
Measurement of Strains, Longitudinal
and Lateral Expansions 39
C - 6 X 12 in. Compression Cylinders AG
Fabrication 40
Preparation of Cylinders Al
Testing of Cylinders Al
D - 3 X 4 X 24 in. Bonded Beams 41
Fabrication 41
Preparation of Beams 45
Tes ting of Beams 45
CHAPTER V - RESULTS AND DISCUSSION 50
A - Free Expansion of Mortar Specimens 50
B - Uniaxially Restrained Beams 56
C - Triaxially Restrained Beams 64
D - Eccentrically Restrained Beams 75
E - Study of Different Curing Conditions 78
F - Compression Tests 82
G - Structural Behavior of Beams 89
CONCLUS IONS 97
LIST OF REFERENCES 99
APPENDICES
Appendix I: Stress-Strain Relationship of
Different Steels 102
Appendix II: Free Expansion of Mortar
Spec imens 107
Appendix III: Crack Patterns of 3 x 3 x 11 in.
Beams 109
Appendix IV: Stress-Strain Relationship of
Compression Test Cylinders 113
Appendix V: Structural Behaviors of Beams 119
LIST OF TABLES
Table Page
1. Physical and Chemical Properties of Cement 14
2. Gradation and Properties of Coarse Aggregate 16
3. Gradation and Properties of Fine Aggregate 17
4. Mix Design for Mortar and Concrete 22
5. Medium and High Expansive Cement Compositions 26
6. Lateral Expansions af Uniaxially and Triaxially
Restrained Specimens 74
7. Longitudinal Expansions of Eccentrically
Restrained Specimens 79
8. Analysis of Compression Test Cylinders 86
9. Comparison of Calculated and Measured
Deflections 92








3 Mechanical Mixer 25
4. Schematic Diagram of Uniaxially Restrained Beam ... 28
5. Fabrication for Uniaxially Restrained Beam 29
6. Schematic Diagram of Triaxially Restrained Beam ... 31
7. Schematic Diagram of Eccentrically Restrained
Beam 33
8. Fabrication for Eccentrically Restrained Beam 34
9 Control Spec imen 35
10. Model A200 Hobart Mixer for Mixing Concrete 36
11. Rigid Steel Mold for Casting Concrete Specimens ... 37
12. Schematic Diagram of Triaxially Restrained
Cylinder ^2
13. Horizontal Cylindrical Mold for Casting
Cylinders ^3
14. Cmmpression Test of Concrete Cylinder ^^
15. Reinforcement Details ^^
16. Location of Concrete Gages in Flexure Test ^^
17. Experimental Setup for Flexure Test ^8
18. Influence of Calcium Aluminate Cement at
10 percent Gypsum 51
19. Influence of Calcium Aluminate Cement at
15 percent Gypsum 52
Vll
LIST OF FIGURES (Cont'd)
Figure Page
20. Influence of Calcium Aluminate Cement at
20 percent Gypsum 53
21. Longitudinal Expansion of Uniaxially Restrained
Medium Expansive Concrete Specimens 57
22. Longitudinal Expansion of Uniaxially Restrained
High Expansive Concrete Specimens 58
23. Self-Stress Development in Uniaxially Restrained
Medium Expansive Concrete Specimens 60
24. Self-Stress Development in Uniaxially Restrained
High Expansive Concrete Specimens 61
25. Longitudinal Expansion of Triaxially Restrained
Medium Expansive Concrete Specimens with
p' = 0.567o 65
26. Longitudinal Expansion of Triaxially Restrained
High Expansive Concrete Specimens with
p' = 0.567„ 66
27. Longitudinal Expansion of Triaxially Restrained
High Expansive Concrete Specimens with
p' = 0.847o 67
28. Self-Stress Development in Triaxially Restraindd
Medium fixoansive Concrete Specimens with
p' = 0.567o 69
29. Self-Stress Development in Triaxially Restrained
High Expansive Concrete Specimens with
p' =0.567. 70
30. Self-Stress Development in Triaxially Restrained
High Expansive Concrete Specimens with
p' = 0.847o 71
31. Self-Stress Development in Eccentrically
Restrained High Expansive Concrete Specimens 76
32. Longitudinal Expansion of Triaxially Restrained
Specimens with Different Curing Conditions 80
33. Self-Stress Development of Triaxially Restrained
Specimens with Different Curing Conditions 81
Vlll
LIST OF FIGURES (Cont'd)
Figure Page
34. Concrete Stress-Strain Diagram for Cylinders
With and Without Helix 84
35. Modified Stress-Strain Diagram of Compression
test Cylinders 85
36. Load vs. Calculated Deflection Curves 90
37. Load vs. Measured Deflection Curves 91




Al. Stress-Strain Relationship for AISI-303 Steel .... 102
A2. Stress-Strain Relationship for 17-4PH Steel 103
A3. Stress-Strain Relationship for 0.0625 inch
Diameter Wire 10^
A4. Stress-Strain Relationship for No. 3
Reinfore ing Bar 105
A5. Stress-Strain Relationship for 0.125 inch
Diameter Wire 106
A6. Low Expansion Mortar Specimens 107
A7. High Expansion Mortar Specimens 108
A8. Free Expanded High Expansion Concrete
Spec imens 109
A9. High Expansive Concrete Specimens 110
AlO. Medium Expansive Concrete Specimens Ill
All. Comparison of Free Expanded Specimens 112
A12. Modified Stress-Strain Diagram of Compression
Test Cylinders for P =0.71 Percent 113
A13. Modified Stress-Strain Diagram of compression
Test Cylinders for P =1.11 Percent 114
IX
LIST OF FIGURES (Cont'd)
Figure Page
A14. Modified Stress-Strain Diagram of Compression
Test Cylinders for P = 1.59 Percent 115
A15. Modified Stress-Strain Diagram of Compression
Test Cylinders for P = 2.18 Percent 116
A16. Modified Stress-Strain Diagram of Compression
Test Cylinders for P = 2.9 Percent 117
A17. Contemplated Stress-Strain Curve for Compression
Strength and Modulus of Elasticity 118
A18. Contemplated Structural Behavior 119
EXPANSIVE (SELF STRESSING) CEMENTS:
IN REINFORCED CONCRETE
HIGHLIGHT SUMMARY •
The objectives of this investigation were to gain a
better understanding of the behavior of self -stressing rein-
forced concrete structures and to determine the economic savings
possible with the effective use of expansive cement under
practical construction conditions. This report is primarily
concerned with the first of the above objectives although
potential economic savings in beams is briefly discussed.
This report describes the evaluation of expansive cements
by means of free expansion of mortar bars, effects of longitu-
dinal as well as lateral restraints on self-stress development
and mechanical properties, effects of eccentrical restraints,
and effects of different curing conditions. It also describes
the structural behavior of self -stressed concrete members and
the determination of economic savings possible with the effec-
tive use of expansive cement under practical construction
conditions
.
The length change measurements of mortar bars were made
in a length comparator. The expansive cement evaluated was
a blend of portland cement, calcium aluminate cement, and
gypsum. The calcium aluminate cement contents were varied
from 10 to 25 percent and the gypsum contents were in the
range of 10 to 20 percent. Two expansive cements, giving a
medium and a high amount of expansion were selected for the
remainder of this investigation.
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The self-stress development, longitudinal expansion, and
lateral expansion measurements were made on 3 x 3 x 11 inch
beams. Four different percentages of unbonded longitudinal
steels were used. The studies were made on uniaxially re-
strained specimens, triaxially restrained specimens (with two
different percentages of lateral steel and eccentrically
restrained specimens) . Water curing was used and measurements
were made at a regular interval of time. Study was also made
to find the effect of different curing procedure in triaxially
restrained beams with 0.56 percentage of lateral steel. In
this case the beams were placed in a hot water bath at 80 C
for six hours and then water cured.
The 6 X 12 inch cylinders were used to study the mechan-
ical properties of triaxially restrained self-stressed concrete.
Five different percentages of longitudinal steel were used.
The lateral steel percentages of 0.56 in the form of spirals
were used in all the cylinders. The triaxially restrained and
free expansion cylinders were tested in compression at the age
of 28 days. '
The structural behavior of self-stressed concrete was
studied by using 3 x 4 x 24 inch beams. Beams were tested
in flexure using a third point loading. For comparison pur-
poses, the ordinary reinforced concrete beams were also
tested. Using the equal deflection criteria, the savings in
steel of self-stressed concrete compared to conventional
reinforced concrete beams was calculated.
Xll
Results of the free expansion studies indicate that for
any given gypsum content, the rate of expansion was increased
as the calcium aluminate cement was increased. Even though
the rate increased, the ultimate expansion decreased as the
calcium aluminate cement was increased. In triaxially re-
strained specimens the self-stress development was increased
as the degree of lateral steel was increased in addition to
preventing the longitudinal cracks which were observed in a
uniaxially restrained specimen. It is possible to achieve
different magnitudes of self-stress at the top and the bottom
of the beam by placing the longitudinal steel eccentrically.
The less self-stress development was measured for the 80 C
water curing procedure. The compression test results indicate
a significant improvement in mechanical properties of the tri-
axially restrained specimen compared to the free expansion
specimen. The structural behavior of self -stressed concrete
beam was similar to the ordinary reinforced concrete beams
except less deflection and fewer cracks occurred in the self-
stressed concrete beams. A significant reduction in the
total quantity of reinforcing steel of about 20 percent was
found possible based upon equal deflection criteria. This
20 percent reduction could have significant economic benefits.
CHAPTER I
INTRODUCTION
Statement of the Problem
Self-stressing cements have long been recognized as
materials which might be beneficial for some reinforced con-
crete structures. It is a well known fact that self-stressing
can be achieved if the cements have the potential of producing
large expansions and if the concretes are restrained properly
by steel reinforcement. Such a combination can produce
compressive stresses in the concrete and high tensile stresses
in the steel.
Unrestrained expansion of concrete produces a volumetric
strain which is of sufficient magnitude to be disruptive and
results in poor mechanical properties, such as compressive
strength and modulus of elasticity (1, 2). The basic func-
tion of restraint in self-stressing concrete is the utiliza-
tion of potential expansion to produce a favorable state of
stress in the concrete. This state of stress is beneficial
in resisting the tensile stresses induced by externally
applied loads and in bringing about changes of internal
structure of concrete in a manner that favorably affects its
properties. There is a loss of self-stress, due to creep and
drying shrinkage, as in conventional prestressed concrete (3).
However, the residual self- stress is significant from the
structural point of view (4).
From the point of view of practical application of an
expansive cement of the self-stressing type, it would be logi-
cal to investigate the potentialities of the cement in
developing adequate states of self-stress when expansion is
restrained. For simplicity, the structural elements were
restrained uniaxially (1, 4). From the results of uniaxially
restrained structural elements, it was concluded that the
earlier microfissures , due to the expansions perpendicular to
the direction of restraint, detrimentally affect the mechani-
cal properties of the resulting concrete (1).
It is seen from the previous studies that the mechanical
properties of a structural concrete element containing self-
stressing cement depends greatly upon the amount of restraint
and the manner in which it was restrained. So, a promising
application of self-stressing cement concrete lies in the
utilization of its three dimensional expansion to provide
three dimensional prestressing of concrete and to achieve
better mechanical properties.
The energy requirements for producing self-stressing
cements are not greatly different than those for conventional
hydraulic cements. Hence it would be logical to investigate
the savings in steel by making use of the self-stress devel-
oped in a triaxially restrained conditions in which
improved mechanical properties could be achieved.
Objectives and Scope of the Investigation
The objectives of this investigation were to gain a bet-
ter understanding of the behavior of self-stressing reinforced
concrete structures and to determine the economic savings
possible with the effective use of expansive cement under
practical construction conditions.
To achieve the objectives, the following studies were
made:
1. Study the effects of lateral steel on self-stress
development with different percentages of longi-
tudinal steel.
2. Study the effects of eccentric longitudinal
steel of different percentages in triaxially
restrained conditions.
3. Study the effects of variable curing conditions.
4. Study the mechanical properties of triaxially
restrained cylinders.
5. Study the structural behaviors of triaxially
restrained self-stressed concrete beams.
6. Determine the possible savings in steel by
utilizing the triaxially restrained self-
stressed concrete.
The scope of this investigation was limited to one type
of concrete proportion. The Type-M self-stressing cement (5,




Expansive cements have been researched during the past
three decades in France, Russia and the United States. In
earlier days efforts were made to find means of compensating
for the shrinkage that results when concrete dries. The
cement hydration products causing the expansion are calcium
sulphoaluminates (7, 8, 9). More recently, to use an ex-
pansive cement for self-stress development in the concrete
was suggested. To achieve a desired level of self-stress in
the concrete over and above stress losses due to creep and
drying shrinkage, similar to prestressed concrete, the cement
used must have the potential of high expansion and the con-
crete must be adequately restrained (10). The result of such
restrained expansion is a prestressed concrete.
The expansive cement developed in France consisted of a
mixture of portland cement, sufoaluminate and a stabilizing
agent of blast furnace slag (7). The sulfoaluminate is pro-
duced by burning a mixture of gypsum, bauxite and chalk.
Blast furnace slag is used to slow down the reaction and
enables the expansion to take place over a given period of
time and also subsequently absorbs the excess of calcium sul-
fate. Since the expansive characteristics of this cement are
quite difficult to control and the expansion is not large
enough to achieve high self- stress in the concrete, the cement
has not been used extensively.
The cement developed in Russia is produced by inter-
grinding Portland cement, alumina cement, and gypsum, which
with water furnish the necessary ingredients for formation of
hydrated calcium sulfoaluminates (8). The rate of expansion
is controlled by the relative proportions of the components
and by the temperature of curing water. Russian literature
reports successful use of expanding cements in the casting of
concrete pipes, tanks, and thin road slabs (11, 12).
In the United States, Klein and Troxell (9) reported on
the development of anhydrous calcium sulfoaluminate, which is
used in combination with portland cement in concrete to gen-
erate the expansion of the concrete during its early reaction.
Anhydrous calcium sulfoaluminate is prepared by burning a
mixture containing calcite, aluminum sulfate, and bauxite at
about 2400°F. They reported that it is possible to achieve a
large expansion in an expansive cement concrete with proper
proportions of ingredients. The cements developed in Russia
and the United States are commonly referred to as the expan-
sive Type-M and Type-K respectively.
Curing and Uniaxial Restraint\-y— — —^ — ^ II I
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For practical use of self-stressing generated in an ex-
pansive concrete, it is required to control the rate of
expansion and the degree of restraint (4).
The method of curing of an expansive concrete controls
the rate of expansion (4, 13). If the expansion occurs too
early, the bond between the particles is not strong enough to
hold them together, so the disruption of the concrete occurs
(9). On the other hand, if the expansion occurs at the later
age, this expansion affects the internal structures of the
expansive cement concrete with detrimental effects upon the
mechanical properties of such concrete (14). This is signif-
icant especially in the case of uniaxially restrained
prismatic elements because a greater part of the transverse
expansion relative to longitudinal expansion seems to occur
at a later stage. Since at this stage the concrete has
gained considerable stiffness, any significant lateral ex-
pansion that occurs may be detrimental to the mechanical
properties of the concrete. The poor mechanical properties
was explained by the broken bond between coarse aggregates
and expansive cement concrete mortar matrix (14).
Curing controls both the formation of cement gel which
contributes towards the strength gain, and of trisulfate
hydrate, thus controlling expansion and self-stress (2). The
history of curing is important in determining the eventual
maximum expansion and self-stress because the two reactions
involved do not proceed at the same rate. The expansion
which occurs at a very early age when the concrete is in
plastic condition and the structure is still weak, will con-
tribute much less to the self-stress development than the
later expansion.
The size effect on the expansion was studied by Bertero
(14). It was caused by a moisture gradient developed from
the wet surface to the interior when the large specimens sub-
jected to an external moist curing. The initial expansion
decreased and the later expansion increased as the size of
the specimen increased. Also, as the size of the specimen
increased, the time required to reach an equilibrium expansion
was increased. However, the size of the specimen did not
affect the final total magnitude of longitudinal expansion.
The larger the cross-section, the lower the total over-all
lateral expansion. The gradient and the magnitude of local
transverse strain are greater (hence poor mechanical prop-
erties) when the size of the cross-section becomes larger.
The non- homogeneity and anisotropy of the resulting expansive
cement concrete in uniaxially restrained prismatic elements
increased is the size of the cross-section of the specimen
increased.
Effects of curing were studied extensively by Klein and
Bertero (13). For a unrestrained specimen, they measured
higher initial rate and a larger amount of free expansion
when specimens were cured in a higher temperature. However,
under restraint, a larger expansion occurred when the con-
crete was cured under water at 45°F rather than the concrete
8was cured at 100 F. In the case of a unrestrained specimen,
the expansion when cured at 100°F took place at an early age,
during a period when the concrete was still weak and subject
to plastic deformation. So, in a restrained specimen, the
concrete was not capable of exerting adequate pressure against
the end plates, in an early expansion period, the expansion
did not contribute to the longitudinal restrained expansion.
In order to control the rate of expansion, Mikhailov
suggested a method of curing (5). The structural elements
were coated with paraffin and immersed in water at 20°C until
the strength development was adequate to resist self-destruc-
tion of the concrete through stresses imposed by restraint
under conditions of high and rapid expansions. Thereafter,
the structural elements were placed in a water bath at 70°
to 80 C, the paraffin melted off, and the expansion took
place under the action of the thermal curing. The curing was
continued until the expansive reaction completed after which
the final curing was carried out under water at 20 C.
Klein, Karby and Folivka (4) used a different method of
controlling the rate of expansion. The concrete is covered,
after stripping the mold, with a loose fitting membrane in a
fog room for about one day, and subsequently cured in
water.
Recently Mikhailov (6) studied the chemical reactions due
to the curing conditions of expansive cement concrete. The
main idea in controlling the reaction rate is to retard and
hamper the formation of C^ACCS)^}!^-, (calcium trisulfate)
until the concrete develops adequate strength and then speeds
up its formation in a short time. At high temperature condi-
tions the existence of CoA(CS)oHo-, is impossible, and therefore
C2A(CS)H^2 (calcium monosulfate) is generally formed. By the
end of 12 to 18 hours after casting CnA(CS)H,2 and possibly
small amount of CnA(CS)oHo-i are formed. Submerging the speci-
men in a hot water at 90° to 100°C, C2A(CS')2H2-. (expansion
giving compound) disappears and the formation of CoA(CS)H,2
(strength giving compound) takes place due to the high
temperature. After gained adequate strength, the concrete is
cured in water at room temperature during which the expan-
sion takes place.
In the earlier study of the effect of restraints upon the
self-stress development, a uniaxially restrained specimen was
used by Bertero (1). He showed that the longitudinal expan-
sion of the concrete depends on the amount of longitudinal
steel reinforcement. The self-stress developed in concrete
increases as the percentage (by volume) of the longitudinal
restraint increases from 0.22 to 3.23. However, for a further
increase of steel percentage, the development of self-stress
decreases
.
The lateral expansion of a uniaxially restrained specimen
was also studied in Ref. (1). Bertero showed that the expan-
sion decreased as the percentage of restraints increased (1).
C = CaO, A = AI2O3, H = H2O, and S =» SO3,
10
However, for a restraint greater than 1.76 percent of steel,
the lateral expansion started to increase. In the latter re-
port, Polivka and Bertero (15) further demonstrated the effect
of the degree of restraint in a uniaxially restrained concrete
specimen where an increase in the amount of expansive compo-
nent above a certain percentage might cause a large expansion
in the lateral direction thereby weakening the structure of
the concrete sufficiently to prevent the development of higher
self-stress in the longitudinal direction.
For the range of steel percentage between 0.90 and 3.23,
the compressive strength and modulus of elasticity remained
constant, but an increase of steel percentage beyond 3.23
percent seemed to affect these properties detrimentally (15).
Based upon the above results, Bertero and Polivka (1,
15) concluded that it is possible to achieve the maximum
self-stress with improved mechanical properties by using op-
timum degree of longitudinal restraint which lies between 1
to 2 percent of steel in a uniaxially restrained specimen.
In the two other investigations, Bertero (14, 16) report-
ed that the longitudinally restrained prismatic structural
element does not seem to hold great promise for practical
application because of the detrimental effects of lateral
expansion on the mechanical properties of the concrete.
Triaxial and Eccentric Restraints
A limited amount of work has been done on triaxial
restrained (reinforced) self-stressing concrete. In Bertero's
11
investigation (16), it was found that the presence of even a
small amount of lateral restraint, provided as a spiral rein-
forcement during the complete period of curing, produces a
concrete with improved mechanical properties. From the
structural elements tested (17, 18, 19) which are uniaxially
and biaxially restrained, the cracking load and the ultimate
load can be predicted by the usual elastic and plastic
theories for structural analysis.
The self-stress development in a triaxially restrained
beam were made by lida and Monj i (20). They theorized that
the self-stress along the longitudinal direction of the beam
increases as the degree of lateral restraint increases.
However, contradictory experimental results were obtained.
Within the range of lateral restraint they used, the self-
stress along the longitudinal axis decreased as the degree of
lateral restraint increased.
Bertero and Montero (21) reported that the longitudinal
expansion in a triaxially restrained structural element was
greater, when compared with a uniaxially restrained specimen.
This implies that the self-stress increases in a triaxially
restrained specimen and also it offers another possibility of
increase in strength and ductility of concrete due to the
confinement in the lateral direction and thereby improvement
in the bond between the longitudinal reinforcement and the
concrete.
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Practically no work has been done on eccentrically re-
strained specimens. Tso (18) tested a beam with eccentric
reinforcement and without any lateral steel. He was not able
to predict the curvature of the beam due to insufficient data.
However, he concluded that the cracking load and deflection
can be approximately predicted by the conventional theory of





A Type I portland cement from a single clinker batch was
used throughout this investigation. The physical and chemi-
cal properties of this cement are listed in Table 1. The
calcium aluminate cement for the entire project was obtained
in one shipment. The gypsum (calcium sulfate, reagent grade)
was received periodically from a chemical supply house.
AfiRrelates
The lime stone aggregate, laboratory designation 53-2S,
size No. 11 of Indiana State Highway Standard Specifications,
was used as coarse aggregate. The lime stone aggregate was
selected in order not to have any possible reactions with
cement. The fine aggregate used was a local glacial-alluvial
sand. The gradation, dry rodded unit weight, specific
gravities and absorption were performed according to ASTM
Standard Tests for both coarse and fine aggregates. Their
results are presented in Tables 2 and 3. The coarse and fine
aggregates were sieved separately and the materials from each
sieve were stored in a separate container. The aggregates
14
Table 1. Physical and Chemical Properties of Cement*
Physical Properties




































The Portland cement is designated No. 322 in the Joint






Tricalcium Silicate, C^S 49.9
Dicalcium Silicate, C2S 23.9
Tricalcium Aluminate, C-^A 11.1
Tetracalcium Alumino-ferrite, C,AF 7.1
16













Dry rodded unit weight = 95 lb/cuft<
Bulk specific gravity =2.54
Bulk specific gravity (SSD) =2.6
Apparent specific gravity =2.69
Absorption = 2.0%
17




















Dry rodded unit weight = 110 Ib/cuft
Bulk specific gravity = 2.32
Bulk specific gravity (SSD) =2.5
Apparent specific gravity = 2.66
Absorption = 2.57o
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are batched for each mix by component fraction in accordance
with accumulative batch weight formula (Tables 2 and 3). The
aggregates were batched in this way to eliminate any possible
changes in the gradation.
Water
The ordinary tap water was used as mixing water in all
the mixes. It was thought that the purity of tap water was
sufficient for the purpose of this project.
Steel
For small beams (3 x 3 x 11-in.), the unbonded type of
longitudinal stainless steel bars were used. The 5/8 in.,
1/2 in. and 3/8 in. diameter bars of AISI-303 Type stainless
steel and 1/4 in. diameter bar of 17-4PH high strength stain-
less steel were used as longitudinal restraints. The high
strength stainless steel was selected in order to keep the
stress level within the yield strength in a 1/4 in. diameter
bar. The end plates are also made up of stainless steel, 3
inch in square and 3/8 inch in thickness were used. The
purpose of using stainless steel rather than an ordinary
steel was not to have rusting which might affect the results.
The stress-strain relationships of AISI-303 and 17-4PH steels
are given in Figures Al and A2 in Appendix I. The stirrups
consisted of 1/16 in. diameter steel wire which was able to
bend easily and stiff enough to restrain the expansion. The
mechanical characteristics of this steel is illustrated in
Figure A3 in Appendix I.
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The AISI-303 Type stainless steel unbonded bars were
used in 6 in. x 12 in. cylindrical specimens. The circular
end plates of 6 inch in diameter and 1/2 inch in thickness of
ordinary steel were used. From the economy point of view the
ordinary steel plates were selected, but the rusting was pre-
vented by spraying WD-40. The cylinders were restrained
laterally by means of spirals of 1/16 in. diameter steel wire,
The bonded type of No. 3 reinforcing 50 grade steel bars
were used for beams of 3 in. x 4 in. in cross-section and
about 24 inch in length. The lateral steel consisted of stir-
rups of 1/8 inch wire. This particular diameter was used in
order to have 1.3 percent of lateral restraint with a reason-
able spacing of one inch. It was able to bend easily in
making stirrups. The mechanical characteristics of No. 3
reinforcing bar and the steel wire are illustrated in Figures




A-Free Expansion of Mortar Specimens
Preparation of Expansive Cement
Due to the limited supply of commercially manufactured
expansive (self-stressing) cements, it was decided to prepare
the cement in the laboratory. For the materials available,
Type-M expansive cement was selected (5, 6), The ingredients
(the Portland cement, calcium aluminate cement and gypsum)
were mixed for 3 minutes at slow speed with a mechanical
mixer. It was observed that the 3 minutes of mixing time
was sufficient in order to achieve uniform mix.
From the previous investigations, it was reported that
the expansive power decayed due to the long period of storage
of an expansive component (10, 14). So, it was decided to
prepare the expansive cement immediately prior to preparation
of mortar and concrete, thus eliminating any possible reac-
tions due to the long period of storage.
Mix Design
All mortar mixes were prepared using a water to expansive
cement ratio of 0.4 and sand to expansive cement ratio of 2.
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The mix design data is shown in Table 4, The ingredients of
expansive cement were varied for each mix. In order to
achieve a high expansion it was thought of investigating free
expansion measurements by using calcium aluminate cement of
10, 15, 20 and 25 percent at a gjqpsum content of 10, 15, and
20 percent.
Apparatus
The molds for casting test specimens and the length
comparator for measuring length change were in accordance to
the requirements of ASTM Specifications C 490. The mechanical
mixer for mixing mortar was in accordance with ASTM Specifica-
tion C 305. The mold, the length comparator and the mechanical
mixer are shown in Figures 1, 2, and 3 respectively.
Preparation and Expansion Measurement of Mortar Specimens
Two mortar bars (1 x 1 x 11 1/4 in.) were cast accord-'
ing to the requirements of ASTM C 157 from each mix of mortar.
The casting of specimens took place within 10 minutes after
the mixing was conpleted. As soon as casting was completed
the specimens were covered with a plastic sheet and then with
a damp cloth to prevent the evaporation of water from the
specimens
.
Specimens were removed from the mold at an age of about
18 hours from the time of casting. At this time, the initial
length measurements of mortar bars were made using the length
comparator. The specimens were cured in a fog room and length
measurements were made at 48 hours of time interval until
22
Table 4. Mix Design for Mortar and Concrete
A. Design of Mortar
Weight of Materials
Materials for Single Mix
Expansive Cement 300 gm.
Fine Aggregate 600 gm.
Water 120 gm.
B. Design of Concrete
Weight of Materials Weight of Materials
Materials For Cubic Yard for Single Mix
Water 400 Lb. 860 gm.
Expansive Cement 855 Lb. 1840 gm.
Coarse Aggregate 1119 Lb. 2400 gm.
Fine Aggregate 1397 Lb. 3000 gm.
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Figure 1. Mold for Casting of Mortar Specimens
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Figure 2. Length Comparator
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Figure 3. Mechanical Mixer
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constant readings were observed or until the specimens were
cracked and broken.
B - 3 X 3 X 11 in. Beams
Mix Design
Materials were proportioned according to PCA Method (25)
of mix design. From the workability point of view, the s lump
of 2 to 3 inches was assumed in the calculation. The mix de-
sign data is shown in Table 4. After allowing water for
absorption of coarse and fine aggregates, the water cement to
ratio used was 0.40.
After investigating the free expansion measurements of
mortar bars and from the preliminary studies on concrete, it
was decided to use two types of ingredients of expansive ce-
ments to give medium and high expansions in the concrete.
The medium expansive cement consists of 15 percent gypsum, 20
percent calcium aluminate cement and 65 percent of portland
cement; and the high expansive cement consists of 15 percent
gypsum, 17 1/2 percent calcium aluminate cement and 6 7 1/2
percent portland cement (Table 5).
Table 5. Medium and High Expansive Cement Compositions






















Four different percentages of longitudinal steel (5/8
in., 1/2 in., 3/8 in. and 1/4 in. diameter) were used in the
following series to investigate the effects on self-stress
development. These percentages were chosen arbitrarily but
they were within the maximum and minimum percentages used by
Bertero (1). The end plates were inserted at the ends of
each rod and brass nuts were used to prevent the outward
movement of the plates. The electrical resistance strain
gages of Type EA-09-125AD-120 were mounted at the center of
the rods to measure the longitudinal strains. The gage sur-
faces were protected by gluing a brass channel section to
prevent moisture and possible compressions exerted by the
expanding concrete. The rubber sleeves were used to prevent
bonding between stainless steel rods and the concrete. The
inside diameter of rubber sleeves was 1/8 in. greater than
the diameter of the rods. The stirrups were made from 1/16
in. diameter steel wire and were used as lateral restraints.
The shape of the stirrup was a 2 1/2 in. square.
Uniaxially Restrained Beams
The medium expansive cement and high expansive cement
were used separately in this series to study the effects of
these cements at different percentages of longitudinal re-
straints. The fabrication for uniaxially restrained beams
is shown in Figures 4 and 5.
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FIGURE 4 SCHEMATIC DIAGRAM OF UNIAXIALLY
RESTRAINED BEAM.
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Figure 5. Fabrication for Uniaxially Restrained Beam
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Triaxially Restrained Beams
Triaxially restrained conditions were created by pro-
viding unbonded longitudinal restraint and lateral restraints
in the form of stirrups. The four welding rods of 1/16 in,
diameter were inserted in the holes which were provided for
this purpose in the end plates at four corners. The stirrups
were tied using 24 gage soft wire at corners to the welding
rods. The fabrication is similar to that shown in the Figure
8 except that the longitudinal restraint is placed at the
center of the cross-section. The schematic diagram is shown
in Figure 6.
Two series of experiments were conducted. In the first
series the medium expansive cement and high expansive cement
were used with 0.56 percentages of lateral steel (14 stirrups
in a beam). The purposes of this series were to investigate
the effects of using medium and high expansive cements in a
triaxially restrained condition, and to study the differences
between triaxially restrained beams and uniaxially restrained
beams. In the second series the high expansive cement with
0.84 percentages of lateral steel (21 stirrups in a beam)
were used to study the effects of high lateral percentage.
Eccentrically Restrained Beams
In this series the high expansive cement with lateral
restraints of 0.56 percentages (14 stirrups in a beam) were
used. The holes in the end plates were 1/8 in. greater than
the diameter of the rods in order to prevent bending of the
31
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FIGURE 6 SCHEMATIC DIAGRAM OF TRIAXIALLY
RESTRAINED BEAM.
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rods due to the differential restrained expansions at top and
bottom of the beams. The fabrication is shown in Figures 7
and 8.
Beams to Study the Effect of Different Curing Condtions
The high expansive cement and 0.56 percentages of lateral
steel were used. The fabrication was similar to the one ex-
plained under triaxially restrained beams with 0.56 percentage
of lateral steel.
Control Specimens
The control specimens were cast in each batch to check
the expansion of the concrete among the batches. The molds
of plexiglass rings of 4 inch inside diameter, 1/16 in. wall
thickness and 1 inch in height were used (Figure 9). This
particular size of plexiglass ring was able to withstand the
expansive forces without breaking. Two steel balls were
glued on the outside surface diametrically opposite to each
other to measure the restrained expansion.
Preparation of Beams
A Model A200 Hobart mixer (Figure 10) was used for mix-
ing concrete. Rigid steel molds (Figure 11) were used for
casting beams. The Vebe Consistometer vibrating table was
used for vibrating concrete.
Materials required for two beams and one control speci-
men were prepared in a single mix. The expansive cement was




















FIGURE 7 SCHEMATIC DIAGRAM OF ECCENTRICALLY
RESTRAINED BEAM.
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Figure 8. Fabrication for Eccentrically Restrained Beam
35
Figure 9. Control Specimen
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Figure 10. Model A200 Hobart Mixer for Mixing Concrete
37
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Figure 11. Rigid Steel Mold for Casting Concrete Specimens
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expansion of mortar specimens. The coarse aggregate, fine
aggregate and water required for absorption were mixed for
ten revolutions. The expansive cement and remaining mixing
water were then added and mixed for 2 minutes at a slow speed.
The mixing was stopped for 1 minute. During this period, all
the concrete on the blade of the mixer and the wall of the
bowl was scraped down by using a trowel. The mixture was a-
gain mixed for an additional 1 minute. The total of three
minutes of mixing time was sufficient to mix the concrete
conpletely.
After mixing, the concrete was placed into a mold fixed
to the vibrating table. A total of one minute of vibrating
time was used for vibrating the concrete. During the first
30 seconds of vibration the concrete was placed into the mold.
Then the vibration was stopped for 1 minute and the surface
was finished. The concrete was vibrated for another 30 sec-
onds. Another beam and a control specimen were prepared
from the same mix. The hand compaction was used in the prep-
aration of control specimens. The entire casting process
was completed within 10 minutes after mixing. As soon as
casting was completed the specimen was covered with a plastic
sheet and then with a damp cloth. In any single day two mixes
(four beams of different percentages of longitudinal steel
and two control specimens) were made.
Beams for free expansion measurements were cast ac-
cording to the requirements of ASTM Method C 157.
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Beams were removed from the molds at the age of about 18
hours from the time of casting. Gage points were marked to
measure the longitudinal restrained expansion. Brass thin
plates were glued at the quarter-point and the mid-point of
the beam length for the measurement of lateral expansion.
All the beams except those were prepared to study the effects
of different curing conditions, were cured up to 14 days in
a fog room. Control specimens were also cured in the same
way. Beams prepared to study the effects of different curing
conditions were kept in a hot water bath for 6 hours at 80 C
after removing from the molds. Then the beams were taken out
and were cured in a fog room up to 14 days.
Measurement of Strains, Longitudinal and
Lateral Expansions
Using 120 C Strain Indicator the longitudinal strains of
restraining rods were measured. The half-bridge with a com-
pensating gage was used in measuring strains. The accuracy of
the strain indicator was 5 K^s . The Whittemore gage of least
count 0.001 in. was used to measure the longitudinal re-
strained expansions. Using a 0.001 in. accuracy micrometer,
the lateral expansions at the quarter-point and the mid-point
were measured. The accuracies of these instruments were
sufficient for the present purposes.
Free expansions were measured with a length comparator.
The change in diameter of control specimens due to the ex-
pansion of concrete were measured with a micrometer.
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All the measurements were made at a 48 hour time inter-
val during the 14 days of curing period. The expansions of
all the specimens were terminated within this curing period.
At 14 days the specimens were kept for drying at the room
temperature for an additional 7 days and the 21 day measure-
ments were taken.
C - 6 X 12 in. Compression Cylinders
Fabrication
Five different diameters (1 inch, 7/8 inch, 3/4 inch,
5/8 inch and 1/2 inch) of AISI-303 stainless steel rods were
used to study the effects on mechanical properties of self-
stressed concrete. The inside diameter of the rubber sleeve
was 1/8 inch greater than the diameter of the rod. The
electrical resistance gages of Type EA-09-125AD-120 were
mounted and the surfaces were protected from the moisture as
described earlier under the title of the fabrication of 3 x
3 X 11 in. beams. The circular end plates of 1/2 inch in
thickness were inserted at the ends of each rod and brass
nuts were used to prevent the outward movement of plates.
The lateral steel percentage of 0.56 in the form of helix
were used in all the cylinders. The 1/16 inch in diameter
wire was used to make stirrups of helical shape. In order
to have 0.56 percent of lateral steel but still allowing a
reasonable spacing, it was required to use two wires. The
diameter of the helix was about 5 1/2 inches. The helical
wires were tied to four longitudinal 1/16 inch diameter
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welding rods which were inserted to the end plates at an equal
distance along the circumference of 5 1/2 inch diameter. The
schematic diagram is shown in Figure 12.
Preparation of Cylinders
Due to the presence of end plates in the fabrication, it
is necessary to use a horizontal cylindrical mold (Figure 13)
to cast cylinders. The materials required to cast one cylin-
der and one control specimen were selected in each mix. The
medium expansive cement was used in all the mixes.- The mixing,
casting, and curing processes of cylinders were outlined
earlier.
Testing of Cylinders
The strains in the longitudinal restraining rods were
measured at the end of 28 days of curing period. All cylin-
ders were tested in compression in accordance with ASTM C 39
for obtaining stress-strain relationships. In the compression
test, hollow cylindrical steel rings of about 2 inches in
height were used at the ends of the cylinder to prevent the
load application on longitudinal restraining rods. This
arrangement is illustrated in Figure 14.
D - 3 X 4 X 24 in. Bonded Beams
Fabrication
The reinforcing bars, No. 3 of 50 grade steel were used
in all the beams. The stirrups from 1/8 inch diameter steel
wire were used. The complete reinforcement details and the
42
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FIGURE 12 SCHEMATIC DIAGRAM OF TRIAXIALLY
RESTRAINED CYLINDER.
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Figure 13. Horizontal Cylindrical Mold for Casting Cylinders
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Figure 14. Compression Test of Concrete Cylinder
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placement of gages used in the beam are shown in Figure 15.
Preparation of Beams
3The Concrete Mixer of capacity of about 3 ft was used
for mixing concrete. Beams were casted in rigid steel molds,
A total of six beams, two for the ordinary concrete, two
for the medium expansive concrete and two for the high expan-
sive concrete, were prepared on the same day. Materials
required to cast two beams at a time were selected. Water
required to produce 2 to 3 inch slump was used in each mix.
The concrete was mixed for 3 minutes. The casting and curing
procedures have been outlined in previous sections. Beams
were cured up to 21 days and tested in flexure at that time.
Testing of Beams
Before testing the beams in flexure, the strains in the
longitudinal restraining rods due to the self-stress develop-
ment in the concrete beams were measured. The electrical
resistance gages (SR, , Type A-16) were placed on the concrete
beams to measure the compressive strains due to bending. One
gage was placed on the top side at the center of the beam and
two gages were placed on the vertical side at 3/4 in. and 11/2
in. measured from the top (Figure 16). Beams were tested in
bending using a third point loading setup (Figure 17). During
the test the deflection at the center, strains in steel and
concrete were recorded. Deflections were measured with a dial
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FIGURE !5 REINFORCEMENT DETAILS.
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TEEL I-BEAM
FIGURE 16 LOCATION OF CONCRETE
GAGES IN FLEXURE TEST.
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Figure 17. Experimental Set-up for Flexure Test
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of the beam. Strains were measured with an indicator and
switching and balancing unit. The beams were tested to fail-




A-Free Expansion of Mortar Speclmans
The expansion-time curves for each expansive mortar as
measured with the 1 x 1 x 11 1/4 in. specimens are shown in
Figures 18, 19, and 20. The results indicate that the ex-
pansion-time curves are dependent upon both the gypsum and
calcium aluminate cement.
Figures 18, 19, and 20 show that for any given gypsum
content the rate of expansion increases as the calcium alum-
inate cement content increases, except for the curve of 20
percent calcium aluminate cement at 10 percent gypsum. It
is believed that the reaction (there by expansion) between
calcium aluminate cement and gypsum was completed within the
first 24 hours during which the specimens were in the mold,
hence no expansion was measured. From the curves it is
apparent that for constant calcium aluminate cement content
the rate of expansion increases as the gypsum content in-
creases. For example, for a calcium aluminate cement content
of 15 percent and gypsum contents of 10, 15, and 20 percent,
at the age of 4 days the approximate expansions of 0.02 inch,
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FIGURE 18 INFLUENCE OF CALCIUM ALUMINATE
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FIGURE 20 INFLUENCE OF CALCIUM ALUMINATE
CEMENT AT 20 PERCENT GYPSUM.
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McKee (29) and Monfore (23) studied the influence of
calcium alumina te cement on expansion for a constant gypsum
content. Their results indicated that for any given amount
of gypsum content the rate and magnitude of expansion in-
creased as the calcium aluminate cement content increased.
In this study, within the percentages of ingredients of
expansive cement that were used, the magnitude of the expan-
sion was decreased as the calcium aluminate cement content
increased at a constant gypsum content (Figures 18 and 19)
for the specimens were not self destructed. The explanation
for this inconsistancy of the results will not be given here,
but to support the results the free expansions measured on
concrete for two different percentages of calcium aluminate
cement at a constant gypsum content will be presented under
the title of uniaxially restrained beams. Also, it should be
noted that the gypsum and calcium aluminate cement contents
of expansive cements used by McKee and Monfore were of a lower
range compared to the compositions used in this investigation.
The slope of the curve at the end of curing period is of
utmost importance. McKee (22) stated:
"Partially hydrated expansive concrete, when re-
exposed to a moist environment, have been reactivated
even after one year of drying. Similarily, exposure
to sulfates at a later date may reactivate partially
hydrated sulfoaluminate crystals. Volume changes of
this nature are unpredictable and, consequently,
undesirable.
"
So, it is very important that the curing of the specimens
should be continued until expansion ceases in order to insure
a stable concrete. From Figures 18, 19, and 20 the only
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three compositions of expansive cement achieving stability
(without self-destruction) were 20 percent and 15 percent of
calcium aluminate cement at 10 percent gypsum (Figure 18)
and 25 percent of calcium aluminate cement at 15 percent
gypsum (Figure 19).
The appearance of the specimens at the end of curing
period falls into one of two basic categories. They are:
less surface cracks due to low expansion shown in Figure A6
;
and large surface cracks due to high expansion shown in
Figure A7 in Appendix II. Surface cracks were observed even
in a low expansion specimens. In high expansion specimens
large surface cracks and some spalling at the corners were
observed. Self-destructions and in some instances warping
also occurred.
During the course of this study, it was interesting to
note that the mortar specimens were always warped in the
direction of top side of casting regardless of the manner in
which the specimens were kept in the process of curing. This
means the larger expansion on the bottom side and lesser ex-
pansion on the top side of casting of the specimen. It was
speculated that this differential expansion was due to the
different water cement ratios at top and bottom side of the
specimen. Due to the bleeding characteristics of mortar, the
water cement ratio at top is higher than the water cement ra-
tio at the bottom. To verify this, as soon as casting was
completed, the specimen was covered with a glass plate and
the mold was kept upside down. Some of the bleeding water
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came out of the specimen. After demolding the specimen was
cured in the same way as other specimens. In this particular
specimen no warping was observed. From this study, it was
concluded that the warping of the specimen was due to the
different water cement ratios at top and bottom resulting in
differential expansion.
B- Uniaxially Restrained Beams
Longitudinal expansions at the surface of the concrete
of uniaxially restrained specimens, measured by the 10 in.
Whittemore gage, are shown in Figures 21 and 22. The results
are the averages of two tests. The percentage error of the
test result is within 10 percent of the average values.
During the analysis of the results, discrepancies - "
were found between the longitudinal strains measured on
the surface of the concrete and the strains measured with
electrical resistance gages. It was realized that this dis-
crepancy was due to the end plate deflections. Then, the
end plate deflections at different levels of self-stress were
calculated. After applying the correction of end plate de-
flection to the measured strains on the surface of the
concrete, it was found that these results closely agree to
the strains measured by electrical resistance gages. The
plotted strains in Figures 21 and 22 are after applying the
corrections to the measured values.
If the restraining rods were stressed within their
elastic range, indeed they were, then the Figures 21 and 22
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represent the variation of steel stresses with time provided
that the scale used for the concrete expansion is multiplied
by the modulus of elasticity of the steel, E . Once the
steel stresses have been determined, the self-stress developed
in the concrete was calculated by multiplying the steel stress
with the ratio of steel to the area of concrete. The varia-
tions of these stresses with time are shown in Figures 23 and
24.
Previously, for a uniaxially restrained specimen, it has
been reported by Bertero and Polivka (1) that the longitudi-
nal expansion of the concrete decreased as the degree of
longitudinal restrained steel increased. They stated:
"The total amount of expansive force developed by
the concrete which is proportional to the concrete
self-stress increased as the percentage of steel
increased from 0.22 to 3.23. However, the rate of
increase diminishes rapidly for restraints greater
than 0.90 percent of steel."
From the interpretation of Figure 13 of Bertero and Polivka
(1), it can be concluded that the self-stress developed in
the concrete was increased between the steel percentages of
0.6 and 3.23. The self-stress diminished at a slower rate
as the steel percentages increased from 3.23 percent. From
the Figures 21 and 22, it can be concluded that as the per-
centage of longitudinal restrained steel increased, the
concrete expansion is decreased. Figures 23 and 24 show that
as the percentage of steel increased the self-stress developed



















































In a medium expansive concrete specimen (Figure 23), the
self-stress development is increased rapidly in the first two
days of curing. However, the self-stress development is in-
creased at a slower rate after two days and almost terminated
at 14 days. In the case of high expansive concrete specimens
(Figure 24), the self-stress development is increased rapidly
in the first four days of curing. Then the self-stress develop-
ment increased gradually from two to six days. At 14 days,
the self -stress development is almost terminated. From this
it can be concluded that the high early reaction continues
for a longer period in the case of high expansive concrete
compared to the medium expansive concrete.
During the course of this study, it was observed that
the development of random cracks in free expanded concrete
specimens. These cracks were visible at the age of 4 days in
the case of high expansive concrete. Figure A8 in Appendix
III shows the cracks at the age of 14 days. In the case of a
uniaxially restrained specimen of medium expansive concrete,
no longitudinal cracks were observed (Figure AlO in Appendix
III) due to the low expansion of the concrete. However, in
the case of high expansive concrete specimens, the longitudi-
nal cracks were observed (Figure A9 in Appendix III). These
cracks were developed at the age between 4 and 6 days. At
the age of 6 days, these longitudinal cracks were clearly
visible. As soon as the longitudinal cracks developed the
lateral expansion started to increase rapidly without increase
in longitudinal expansion. Comparison of lateral expansions
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of uniaxially restrained specimens (Table 6) of high and med-
ium expansive concrete specimens, shows that about four times
greater expansions exist in high expansive specimens.
This increase of lateral expansion is not only due to the
expansive power of the concrete but also due to the presence
of longitudinal cracks of high expansive concrete specimens.
So, it can be concluded that the increase of expansion of the
concrete, in the case of uniaxially restrained specimens, does
not contribute in development of self-stress after the longi-
tudinal cracks developed.
The measurements of free expansion of medium and high
expansive concrete specimens are 1.95 and 6 percent respective-
ly. These are the average values of four test specimens. The
percentage error of the test result is within 10 percent of
the average values. In high expansive concrete specimens
less than 10 percent increase in self-stress was measured even
though there was as much as three times the free expansion as
compared with medium expansive concrete specimens. As dis-
cussed before, due to the presence of longitudinal cracks in
the case of high expansive conrete specimens, most of the
expansion took place in the lateral direction.
Control specimens were cast from each batch and measure-
ments of changes in diameter were made to check the expansive
power of the self-stressed concrete among the batches. The
measurements of change in diameter of medium and high expan-
sive concrete specimens are 0.027 and 0.049 inches respectively.
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At this stage, it is interesting to discuss the free
expansion, biaxially restrained expansion (control specimen)
and uniaxially restrained expansion of medium and high expan-
sive concretes. As reported earlier, in the case of high
expansive concrete, the free expansion is about 3 times, bi-
axially restrained expansion is about 2 times and uniaxially
restrained expansion is 1.1 times greater than the medium
expansive concrete specimens. These results indicate that in
the case of high expansive concrete in order to achieve high
self-stress, the concrete has to be restrained biaxially in
surface structural elements and triaxially in prismatic
structural members.
C-Triaxially Restrained Beams
Three series of experiments were conducted for triaxially
restrained specimens. In the first series, specimens were of
medium expansive concrete with a lateral restrained steel of
0.56 percent. The specimens of the second series were of
high expansive concrete with 0.56 percent of lateral steel.
The third series of specimens were of high expansive concrete
with 0.84 percent of lateral steel.
The average observed longitudinal restrained expansion
as a function of time for three different series of experiments
are shown in Figures 25, 26, and 27. Assuming the restrained
longitudinal rods are stressed within their elastic limit,
the self-stress development was calculated as explained before.





































FIGURE 25 LONGITUDINAL EXPANSION OF TRIAXIALLY




































FIGURE 26 L0M6ITUDINAL EXPANSION OF TRIAXIALLY
RESTRAINED HIGH EXPANSIVE CONCRETE
SPECIMENS WITH P>= 0.56%
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Days.
FIGURE 27 LONGITUDIMAL EXPANSION OFTRIAXIALLY
RESTRAINED HIGH EXPANSIVE CONCRETE
SPECIMENS WITH Pi«0.84%.
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Figures 28, 29, and 30. Each curve represents the average of
two test results obtained from the two specimens similarly
restrained. The range of variation of test results between
the two specimens was less than 10 percent in all cases.
From the expansion- time curves (Figures 25, 26, and 27)
it can be seen that most of the expansion takes place in the
first 4 days after demolding the specimens. Also, most of
the self-stress (Figures 28, 29, and 30) was developed in the
first 4 days. After 6 days, the expansion as well as self-
stress development are almost constant in all the three cases.
Comparison of the curves given in Figures 25 and 26 with
those shown in Figures 21 and 22 respectively indicate that
the history of triaxially restrained specimen (lateral steel
of 0.56 percent) is similar but greater than that obtained
for uniaxially restrained specimens. Similarly, the self-
stress developed in the case of triaxially restrained specimens
was greater compared to the uniaxially restrained specimens.
These differences were expected because of the existence of
lateral stirrups in the triaxially restrained specimens. The
stirrups did not allow the concrete to expand freely in the
lateral directions and therefore forced it to expand more
longitudinally.
The lateral steel percentage was increased from 0.56 to
0.84 in order to find the effect on longitudinal expansion
and self-stress development. Results of this investigation
(Figures 27 and 30) indicate that the increase in longitudinal




FIGURE 28 SELF-STRESS DEVELOPMENT INTRIAXIALLY
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with triaxially restrained specimens (Figures 26 and 29)
having 0.56 percentage of lateral steel. As explained before,
these differences were expected since the closely spaced
stirrups confined the concrete laterally and forced it to ex-
pand more longitudinally resulting with higher self-stress
development
.
Bertero and Montero (21) studied the effect of the
closely spaced ties on expansion and self-stress development
of the structural elements. They stated:
"comparison of expansion results shows that the
maximum expansion of the structural element
(triaxially restrained) was about 25 percent
higher than that of the control specimens (uni-
axially restrained). This difference was expected
due to the fact that whereas the concrete of the
control specimens was capable of expanding freely
in the lateral directions, in the case of the
structural elements the presence of closely spaced
ties confined the concrete laterally and forced it
to expand more longitudinally. Thus these results
pointed out the convenience of prefabricating what
can be called three dimensional chemical pre-
stressed structural elements rather than merely
uniaxial pres tress ing elements."
Also, they reported that the final magnitude of self-stress
developed in a control specimen as 575 psi and in a structural
element as 679 psi.
lido and Monj i (20) studied the effects of triaxially
restrained specimens on self-stress development of the con-
crete. The longitudinal steel percentage of 1.01 and
lateral steel percentages of 0.63, 0.82, and 1.01 were used
in their studies. The size of the beam was 3.9 x 3.9 x 15.7
in. From their results they reported the following two
conclusions :
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(i) The self-stress in the concrete along the main
axis has a tendency to increase as the ratio
of lateral steel ratio perpendicular to the
direction of restraint to main axial steel
ratio decreases.
(ii) It is necessary to increase the ratio of lateral
steel ratio perpendicular to the direction of
restraint to main axial steel ratio for the fab-
rication of ideal self-stressed concrete. The
self-stress along the main axis however, has a
tendency to decrease when increasing the said
ratio.
From their results (20), the development of self-stress for
the lateral steel ratios of 0.63 and 0.82 is almost constant
and a decrease of 15 percent of self-stress when the lateral
steel percentage increased from 0.82 to 1.01. They have not
given any possible reasons for this decreased self-stress
with increased lateral steel. But they concluded that the
higher percentage of lateral steel is needed for the fabrica-
tion of ideal self-stressed concrete in order to achieve a
better mechanical properties.
The increase of self-stress development was measured
when the lateral steel percentage increased from 0.56 to 0.84
(Figures 29 and 30). These results agreed with the conclusions
of Bertero and Montero (21) but not with the conclusions of
lido and Monj i (20). The inconsistency between these results
and those of lido and Monj i was not resolved.
Comparison of lateral expansions (Table 6) of uniaxially
and triaxially restrained specimens of medium expansive con-
crete indicated a slight decrease in the lateral expansion
in the case of triaxially restrained specimens. Due to the
presence of lateral, as well as longitudinal steel, the
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Table 6. Lateral Expansions of Uniaxlally and
Triaxially Restrained Specimens
A. Medium Expansive Concrete
Type of Restraint Longitudinal steel. Lateral Expansions, °U




















B. High Expansive Concrete
Type of Restraint Longitudinal Steel, Lateral Expassions, °L
7o at 1/4 pt. at 1/2 pt.































concrete was confined resulting in improved mechanical be-
havior.
In the case of high expansive concrete specimens, the
lateral expansion was decreased as the lateral steel increased
from to 0.84 percent. The considerable decrease of lateral
expansion was measured even with a small percentage of lateral
steel (0.56 percent). Also, it was observed that the presence
of this small amount of lateral steel was capable of prevent-
ing the longitudinal cracks (Figure A9 and AlO in Appendix
III) by confining the concrete in the lateral direction. So,
it was found that considerable improvement in the mechanical
behavior of an expansive concrete could be obtained by tri-
axial restraint of expansion.
Comparison of lateral expansions of triaxially restrained
specimens with 0.56 percentage of lateral steel (Table 6) of
medium expansive concrete specimens indicate that considerable
amounts of lateral steel are needed, in the case of high ex-
pansive concrete specimens, in order to keep the lateral
expansion equal to the lateral expansion of medium expansive
concrete specimens.
D- Eccentrically Restrained Beams
Figure 31 shows the calculated average longitudinal self-
stress developed as a function of time. Since the electrical
resistance gages were placed at neutral axes, presumably no
bending strains were recorded. Also, as a precautionary





















the end plates 1/8 in. greater than the diameter of the rods.
Assuming the rods were stressed within their elastic limit,
the steel stresses were calculated by multiplying the measured
strains with modulus of elasticity of steel, E . Then the
' * s
average longitudinal self-stress developed in the concrete
were calculated by multiplying the steel stress with the ratio
of area of longitudinal steel to the net cross-sectional area
of concrete.
As expected, the self-stress development increases with
increase of longitudinal steel percentage. Comparison of
curves for eccentrically restrained specimens given in Figure
31 with those of triaxially restrained specimens shown in
Figure 29, both having 0.56 percent of lateral steel, indicate
that slight difference in self-stress development. The de-
crease in self-stress development in the case of eccentrically
restrained specimens is probably due to the readjustment of the
end plates in the early expansion stage.
Tso (18) investigated the effect of self-stress in a
uniaxially restrained beam of 6 x 6 x 40 in. The restraint
was of 0.3 percent high strength steel wire with an eccentri-
city of 2 inches at center and zero at the end (curved). The
results indicated:
An expansion as high as 1.26 percent was developed
at the top fibre. A curvature was produced in the
beam as a result of eccentric self-stress. At the
age of 65 days a chamber of about 0.79 in. was ob-
served at the center of the beam by direct measure-
ment. Expansion in the bottom fiber was only
about 0.1 percent.
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Table 7 shows the significant difference between the top and
bottom fiber expansion. Also, during this investigation
curvature due to eccentricity was observed in the four dif-
ferent percentages of longitudinal steel. From the results
it was concluded that the different levels of self-stress
could be achieved in a self-stressed concrete structure by
reinforcing eccentrically. The different levels of self-
stress causes the upward deflection at the center of the beam
similar to eccentrically prestressed concrete structures.
E- Study of Different Curing Condition
The purpose of this study is to retard and hamper the
formation of calcium trisulfate until the concrete develops
adequate strength and speeds up its formation in a short time.
When concrete is kept in a high temperature condition, the
existence of calcium trisulfate (expansion giving compound)
is impossible (6), and therefore calcium monosulfate (strength
giving compound) is generally formed. The concrete specimens
were cured in a fog room after keeping in hot water at about
80°C for 6 hours during which the concrete gained strength.
Figure 32 shows that the average longitudinal expansion
as a function of time. The self-stress developed in the con-
crete is calculated as explained previously and shown in
Figure 33 as a function of time.
Comparison of curves given in Figure 33 with those as
shown in Figure 29 indicates about a 20 percent decrease in
self-stress development in the specimens which were kept in
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Table 7. Longitudinal Expansion of Eccentrically
Restrained Specimens
Longitudinal Percent- Top Fibre Expansion, Bottom Fibre Ex-










































FIGURE 32 LONGITUDINAL EXPANSION OF TRIAXIALLY








FIGURE 33 SELF- STRESS DEVELOPMENT OF TRIAXIALLY
RESTRAINED SPECIMENS WITH DIFFERENT
CURING CONDITION.
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hot water (80 C) for 6 hours. The reason for this is not
fully understood. However, when the specimens were kept in
hot water at about 80 C, the white powder was deposited on
the surface of the specimen. X-ray diffraction was run for
this powder and found that the powder is calcium carbonate.
Presumably the gypsum reacted with water at high temperature
and calcium hydroxide is formed. Since the precaution against
carbonation of the specimen was not taken, this calcium hy-
droxide converted to calcium carbonate. Again why gypsum
came out from the specimen is unknown at this time.
In order to find the effects of different curing condi-
tions on unrestrained concrete, the high expansive concrete
specimen was kept in hot water at 80 C for 6 hours and cured
in a fog room up to 14 days. The free expansion measurement
of this specimen was about 1.7 percent which was less than
1/3 of free expansion of concrete with a regular water curing.
The appearance of specimens which were cured under two dif-
ferent curing conditions are shown in Figure All in Appendix
III. There are no visible cracks in the specimen which was
kept in hot water at about 80 C and then cured in a fog room





Since the cylinders were tested without removing the
lateral restraints (helix), the strength contributed from the
helix towards the compressive strength of the concrete was
investigated. This was done on a ordinary portlant cement
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concrete cylinders with and without helix. The stress-strain
relationship of the compression test of these cylinders are
shown in Figure 34. The stress difference between these two
curves is taken as the strength contributed by helix. The
stress-strain relationship of the compression test of cylin-
ders along with modified curves for different percentages of
longitudinal steel are shown in Figures A12 - A16 in Appendix
III. Each curve represents the average values obtained for
two specimens tested. The variation of results obtained in
these two tests was within 5 percent of the average values.
The modified curves are obtained by taking into account the
strength contributed from helix found from ordinary portland
cement concrete cylinders tested with and without helix. All
modified stress-strain curves of compression test are replotted
and shown in Figure 35. In this figure, the stress-strain
relationship of free expanded concrete cylinder is also shown.
The secant modulus of elasticity is calculated at 0.45
f 'c as illustrated in Figure A17 in the Appendix. The final
magnitude of self-stress developed, the compressive strength
and secant modulus of elasticity are shown in Table 8.
Figure 35 and Table 8 indicate that the increase in com-
pressive strength and secant modulus of elasticity at 0.45
f'c, in the case of triaxially restrained specimens was about
4 times greater compared to the free expanded concrete. Thus
significant improvement in the mechanical properties was
obtained even with presence of small percentages of lateral
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in a triaxially restrained specimens were little lower com-
pared to the ordinary concrete due the expansion of the
self-stressed concrete.
For cylinders with 0.56 percent of lateral restraints,
the different percentages of longitudinal steel did not
significantly change the modulus of elasticity or the compres-
sive strength. But, as expected, the modulus of elasticity
and the compressive strength were increased as the percentage
of longitudinal steel increased.
Bertero and Polivka (1) studied the effect of degree of
restraint on the mechanical properties of uniaxially restrain-
ed specimens. From the results they concluded:
The degree of restraint had a significant effect
on the mechanical characteristics of the self-
stressed concrete. Compressive strength and
modulus of elasticity, in the direction of restraint
increased as the degree of restraint is increased.
However, for the range of restraint between about
0.90 and 3.23 percent of steel, these properties
remained constant and an increase beyond 3.23 seemed
to affect these properties detrimentally.
Their results showed that the measured lateral expansion of
the concrete decreased as the percentage of longitudinal
restraint increased. However, for restraints greater than
1.76 percent of steel, the lateral expansion started to in-
crease. Also, they concluded that the increased lateral
expansion due to higher percentage of longitudinal restraint
had a significnnt effect on the mechanical characteristics of
the self-stressed concrete. They stated:
(a) A very rapid improvement in the mechanical
properties would be observed when 0.22 to
0.90 percent of steel;
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(b) some improvement would be obtained when the
degree of restraint is increased from 0.90
to 1.76 percent of steel; and
(c) no improvement could be expected for a degree
of restraint greater than 1.76 percent of steel,
because any improvement in mechanical properties
that might occur due to a slight increase in the
self-stress might be canceled by the detrimental
effect of the larger lateral expansion.
From the results presented in Figure 35 and Table 8, the
continuous increase of compressive strength and modulus of
elasticity, as longitudinal steel percentage increases, is
apparent. Presumably, the lateral restraint controlled the
higher lateral expansion due to the increased longitudinal
restraint, thereby improved mechanical characteristics of the
self-stressed concrete. So, it can be concluded that the
lateral restraints confined the concrete to improve consider-
ably its strength and ductility.
In another investigation, Bertero (16) reported
considerable improvement in the mechanical behavior of tri-
axially restrained cylinder compared with uniaxially restrained
cylinder. Further, their results of compressive strength and
secant modulus of elasticity for triaxially restrained
cylinders (5/8 in. diameter longitudinal steel and 0.5 percent
lateral restraint) are higher compared to the results reported
in Table 8. The reason for this is due to the medium expan-
sive cement that was used in preparation of compression test
cylinders. From the results and observation during compression
tests, considerable improvement in the mechanical behavior of
prismatic structural elements of self-stressing concrete was
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expected when restraining the expansion triaxially.
G- Structural Behavior of Beams
The purpose of this study was to compare the structural
behavior of an expansive concrete beam with that of an ordi-
nary concrete beam, and thus determine the economic savings
in steel with effective use of self-stressed concrete. The
structural behavior was studied by testing the beams of
ordinary reinforced and self-stressed concrete beams in
flexure. The savings in steel of self-stressed concrete was
calculated by using the equal deflection criteria.
Figure 36 shows the load versus the calculated deflection
for the ordinary portland cement concrete, medium expansive
and the high expansive concrete beams. The deflections were
calculated in the following order: first, the curvature of
the beam was calculated by dividing the sum of the measured
strains of concrete and steel by the structural depth. Then
by using the conjugate beam method, the central deflections
were calculated. The details of calculation are given in
Appendix V.
Figure 37 shows the load versus measured deflection for
ordinary concrete and self-stressed concrete beams. The de-
flections were measured at the center of the beam during the
test with a dial gage having a least count of 0.001 in. The
deflections are also tabulated in Table 9. The data given
are the average values of two tested beams and the variation
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In view of the behavior of the tested beams, two dis-
tinctly different stages can be defined. The first stage
defined the part of the load deflection curve up to the
yielding of the steel which is linear for all beams. It is
designated as the elastic range. The second stage of the load
deflection relationships is characterized by an increase of
deflection without the load increment. Thus, the steel is
in a plastic range.
A comparison of the measured and calculated deflections
shows a close agreement in the early stage of the loading.
However, the difference is significant when the steel strains
are in the plastic range. This is probably due to the errors
in strain measurements generated by the micro-cracks in the
concrete.
At the failure of the beam, the strains in the steel
were calculated by using the concrete strains at the failure
load. This procedure was followed because the gages were
failed in recording the strains in the steel. The change in
position of neutral axis was neglected. The strains measured
in concrete and steel are shown in Table 10. The depth of
the neutral axes for ordinary, medium expansive and high ex-
pansive concrete beams at yield are 1.43, 1.51 and 1.45 inches
respectively.
Comparison of curves for different concretes shows that
the measured deflections as well as the calculated deflec-
tions for ordinary concrete were larger than those for
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(Figure A18 in Appendix V). Furthermore, the appearance of
crack patterns of ordinary and self-stressed concrete beams
are significantly different (Figure 38). The differences in
deflection and crack patterns are apparently due to the
presence of longitudinal self-stress. The self-stress devel-
opment in medium and high expansive concrete beams were 520
psi and 644 psi respectively. They were measured before the
beams were tested.
Higher failure loads were recorded in the self-stressed
concrete beams as compared to the ordinary concrete beams.
This higher strength was due to the existence of pre-stresses
and the higher steel stress at failure strain.
The elastic limits of the load-deflection curves are
approximately within the range of 12.5 kips and 15 kips
(Figures 36 and 37). From the Figure 36, the corresponding
deflection for the load of 12.5 kips in ordinary concrete was
0.043 inches. The corresponding load for this deflection in
high expansive concrete beam is about 15 kips. Therefore,
the increase in the ultimate load is about 20 percent. The
increase in the ultimate load shown in Figure 37 for the
measured values is about 24 percent. The agreement appears
to be excellent.
It should be noted that the same amount of steel was
used in all beams. Hence, it was concluded that the savings
in steel was about 20 percent in the case of self-stressed
concrete for the same limiting deflection.
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Figure 38. Comparison of Concrete Beams for Crack Pattern
P.C: Ordinary Portland Cement Concrete Beams
B: Medium Expansive Concrete Beams
A: High Expansive Concrete Beams
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CONCLUSIONS
The conclusions drawn are pertinent only to the conditions
of tests and the materials employed in this investigation.
From the results obtained the following generalizations can
be made:
1, The results of free expansion mortar bars indicate
that for any given gypsum content, the rate of expansion is
increased as the amount of calcium aluminate cement increases,
but the magnitude of expansion decreases. A laboratory self-
stressing cement can successfully be made which will be
reproducible in the expansion characteristics.
2. The self-stress development is higher in the tri-
axially restrained specimens, when compared with that of the
uniaxially restrained specimens, in addition to preventing
the longitudinal cracks. The presence of lateral steel
confine the concrete in the lateral direction and forced it
to expand more longitudinally. The lateral confinement
prevents the formation of longitudinal cracks. In a triax-
ially restrained specimen, the self-stress development
increases as the lateral steel increases. The eccentrical
restraints can be used in order to achieve different magnitudes
of self-stress at top and bottom of the beams.
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3. It is possible to produce self-stressing concrete
having compressive strength and modulus of elasticity suit-
able for structural work. The detrimental effects of free
expansion on the compressive strength and modulus of elasti-
city can be overcome by confining the concrete triaxially.
4. In self-stressed concrete structures, smaller
deflections and fewer cracks can be achieved due to the pre-
sence of longitudinal self-stress. The savings in steel of
about 20 percent can be achieved in a self-stressed concrete
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